Abstract Nanodot deposition using atomic force microscope (AFM) is investigated. To realize repeatable and precise deposition of nanodots, the detailed control method is discussed. The electric field between AFM tip and substrate is analyzed, and a convenient method to control tip-substrate separation is proposed. In experiments, two nanodot matrixes are fabricated and the heights of the nanodots are analyzed. Experimental results testify that the control method can lead to repeatable and precise fabrication of deposited nanodots. As an application of deposited nanodots, a carbon nanotube (CNT) is soldered on gold electrodes with deposited Au nanodots. After soldering, the contact resistances between the CNT and the electrodes decrease greatly. AFM-based nanodot deposition can be used to fabricate special nanopatterns; also it can be used to solder nanomaterials on substrates to improve the electrical connection, which has a promising future for nanodevice fabrication.
Introduction
Nanofabrication needs to use instrument of high precision that can operate at nanometer scale. Atomic force microscope is one of the equipment widely used for nanooperating (Tseng et al. 2008 ) such as pushing atoms or nanoparticles to and form regular structures (Martin et al. 1998) or etching nanolines on substrates (Muller et al. 2004 ). When applying a voltage to a metal-coated AFM probe, the metal material coated on the vertical tip of the probe can be deposited onto substrate under the action of electric field (Yang et al. 2011 ). The electric field-induced deposition can be used for soldering nanodevices (Madsen et al. 2003) . Unlike Joule heat welding (Tohmyoh and Fukui 2012) , the mechanism diagram of electric field-assisted deposition is shown in Fig. 1 . In the deposition operation, the tip is only a few nanometers above the substrate, thus a huge electric field is easy to be derived (Park et al. 2000) . Atoms on the coated material are ionized and powered to overcome the barrier between the tip and the substrate. Then ionized atoms escape from the tip and are deposited on the substrate. The process of deposition can be explained by field emission theory (Tsong 1991; Koyanagi et al. 1995; Gomer and Swanson 1963) . Scanning tunneling microscope (STM) can also be used for deposition operation (Fujita et al. 1996; Mamin et al. 1990; Tseng et al. 2005) , however, STM requires conductive substrates. In contrast, AFM is suitable for both conductive and insulating substrates, which makes nanooperation more flexible. In 2001, Calleja et al. (2001) Great progress has been made in the study of AFM deposition, but there still exist some problems to overcome. For example, how to realize repeatable and precise deposition is still a critical obstacle before transforming deposition method into a practical technique. Also the principle of nanodeposition needs further theoretical explanation. Therefor efforts are still needed to realize more controllable, repeatable and precise deposition. Thus electric filed needed for deposition is calculated and analyzed in this paper. Meanwhile effect of tip-substrate separation on electric field is discussed. Next precise tip-substrate separation control method with contact mode AFM is introduced by analyzing the working principle of contact mode AFM. Finally deposition experiments and soldering experiments are carried out. Experimental results indicate that our research provides a repeatable and precise nanodot deposition method, which is meaningful for nanosoldering and can be used to improve electrical connection of nanodevices.
Electric field calculation
Atomic force microscope deposition results from the action of tip-substrate electric field. However, tipsubstrate electric field results from applied voltage. Therefore, analysis of the relationship between applied voltage and tip-substrate electric field is meaningful for precise deposition. Researchers have studied the mechanism of field emission (Tsong 1991; Chang et al. 1994; Li et al. 1998; Koyanagi et al. 1995) . Threshold electric filed is an important concern for field emission. Another important concern is how much voltage should be applied to induce enough electric filed. In this paper, the relationship between electric field and applied voltage is deduced with image potential method. This work can provide theoretical instructions for deposition.
Due to the complex topography of the tip, calculation of the electric field is a tough work, unless some simplifications are done. According to image potential method, the tip can be simplified as a sphere S1, which generates an electric field E1 as shown in Fig. 2 . Then an image sphere S2 is supposed to be located at the symmetric position and is applied with inverse voltage. E2 is the electric field generated by S1 and S2. According to image potential method, E1 equals to the upper half of E2. Furthermore, S1 and S2 are simplified as two point charges ?q and -q, respectively. ?q and -q have the same value and opposite polarity. E3 is the electric field generated by ?q and -q. The electric quantity of the point charges is given by q ¼ 2peU rð2HÀrÞ HÀr . Therefore, the electric field of a random point (x,y) can be calculated by Eq. (1),
where a ¼ arctan In the deduction of Eq. (1), some simplifications are applied. To evaluate the effect of the simplifications, finite element method (FEM) is used. Electric field derived by FEM simulation is shown in Fig. 3a . Figure 3b shows comparison of the electric field on substrate surface calculated by the two different methods. The X axis in Fig. 3b is the distance of the tip away from the center of substrate surface. The substrate surface center is located by projecting the peak point of the tip onto the substrate surface. The Y axis is electric field.
Curve 1 is the simulation result by FEM. Curve 2 is the electric field distribution calculated by Eq. (1). Both curve 1 and curve 2 are calculated under the same conditions U = 10 V, H = 5 nm. Due to FEM consider the tip as a cone, curve 1 is believed to be more accurate. However, the two curves have similar shape and the peak points of the two curves are close. Consequently Eq. (1) can be used to estimate the threshold voltage for deposition. By varying tipsubstrate separation and voltage amplitude, a cluster of curves of peak electric field can be calculated by Eq. (1) as shown in Fig. 4 . The X axis of Fig. 4 is tipsubstrate separation and the Y axis is peak electric field. According to Fig. 4 , the tip-substrate electric field declines rapidly as the tip-substrate separation is extended. For repeatable and precise deposition, the tip-substrate separation should be controlled according to applied voltage. Besides, Fig. 4 provides instructions on threshold voltages.
The threshold field on SiO 2 can be described as F th ¼ eoV th =ot, where e is the permittivity of SiO 2 , V th the threshold voltage, and t the thickness of the SiO 2 film (Koyanagi et al. 1995) . In this study, the Si substrate is pretreated before depositing to get rid of the native SiO 2 film. Koyanagi measured the threshold field for deposition on SiO 2 25 V/nm by experiments. The permittivity of SiO 2 is 3.9, while that of air is 1. We consider the threshold field in air is 25/3.9 = 6.4 V/nm. According to Fig. 4 , about 6.5 V is needed to arouse an electric field of 6.4 V/nm when tipsubstrate separation is set to 1 nm. However, in experiments, nanodots can be fabricated when the applied voltage rise to 5 V. The deviation may be derived from the simplifications of the field calculation and some other reasons. Therefore, voltage above 5 V can be applied to the tip and the substrate for nanodeposition.
Tip-substrate separation control
According to Fig. 4 , the electric field has an exponential relationship with the tip-substrate separation. Hence a small disturbance of tip-substrate separation can lead to huge electric field variation when the tipsubstrate separation is small. Thus, failed deposition or oversize deposited dots may be caused under the same depositing parameters. Therefore, investigation of tip-substrate control method is significant for precise deposition. Figure 5a shows an unexpected oversize deposited dot. The height of the dot is almost 100 nm and the width almost 300 nm as shown in Fig. 5b . Consequently the coated metal material is over consumed. Figure 5c , d shows the scanning electron microscope (SEM) pictures of the tip before and after the deposition. From Fig. 5d , the tip is severely damaged after the deposition and becomes obviously shorter and blunter. Therefore, tip-substrate separation control is crucial for precise and repeatable deposition. However, tip-substrate separation control is a challenging task because the cantilever length is at least 10,000 times bigger than tip-substrate separation. Think about maintaining the front end of a fishing pole 1 mm steadily above water. What is worse, there exist complex adsorption forces between tip and substrate (Sitti and Hashimoto 2000) . Pumarol et al. (2005) figured out a method to control tip-substrate separation by applying an extra voltage to the tip and realized good results. This paper introduces a simple method to control tip-substrate separation according to the mechanism of contact mode AFM.
In contact mode, the tip of the AFM probe presses on substrate. When the height of substrate surface fluctuates, the cantilever of the AFM probe will deflect correspondingly. A laser beam and a position sensitive detector (PSD) are used to detect the deflection of cantilever. In nanoscale space, objects are covered by thin water films (Bartosik et al. 2009 ). In contact mode AFM, the tip dips in the water films The dot is almost 100 nm high and 300 nm wide. The tip is consumed badly; c cantilever tip before the deposition; d cantilever tip after the deposition. After the deposition the tip is shorter and blunter on substrate, as shown in Fig. 6a . If piezoelectric ceramics drives the cantilever to move up, the water film will produce an adsorbing force and forms a water bridge to hold the tip down, as shown in Fig. 6b . If the cantilever keeps moving up, finally the cantilever can overcome the adsorbing force and the water bridge breaks. Consequently the tip suddenly up springs and then hangs over the substrate, as shown in Fig. 6c . The above process can be detected by measuring PSD output voltages as shown in Fig. 6d . The PSD signals of sections 1, 2, and 3 are given in Fig. 6a-c . When the tip presses on the substrate, the cantilever is up warped, so PSD outputs positive voltages. As the cantilever moves up, the PSD signal decreases. When the cantilever moves up to a certain extent, the PSD signal will become negative, which means the cantilever begins to bend downward under the adsorbing force. In this case, the tip is a few nanometers above the substrate while the tip-substrate separation can be deduced from the PSD signal. If cantilever keeps moving up, finally the cantilever will overcome the adsorbing force and suddenly up springs. After that moving cantilever up has an inconspicuous effect on the PSD signal.
In this paper tip-substrate separation is controlled by maintaining cantilever in the stage of Fig. 6b . To verify whether the electrostatic attraction has an effect on tipsubstrate separation, an experimental measurement is performed. The electrostatic attraction does have an impact on the tip-substrate separation when the tip is free above the substrate. As shown in Fig. 7a , the cantilever deformation signal is changed under the electrostatic attraction. However in this study, the tip is not free. The tip and the substrate are connected by a water bridge, and the water bridge pulls the tip down like a spring. Since the cantilever is restricted, the impact of electrostatic attraction on the cantilever deformation is weakened. Figure 7b shows the cantilever deformation signal with a tip voltage of 5 V, when tip is restricted to the substrate by the water bridge. It can be seen that the cantilever deformation signal has no significant change under the electrostatic attraction. So in this paper the electrostatic attraction is ignored.
Because the real tip-substrate separation is less than the moving distance of the cantilever, the tipsubstrate separation is calculated according to the cantilever moving distance and the bending of cantilever. As shown in Fig. 8 , H = D -W where H is the tip-substrate separation, D is the moving up distance of cantilever, and W is the deflection of cantilever. The deflection of cantilever can be calculated by Eqs. (2) and (3).
where L is the length of cantilever, P the press, E the elastic section modulus, I the cross-sectional moment of inertia and b the deflection angle of cantilever. According to Eqs. (2) and (3), W has a linear Figure 9 shows the optical path of our AFM. According to Fig. 9 , b is given as in Eq. (4): where U is the PSD output voltage, L1, L2, and L3 the optical distances, a the original angle of cantilever, / and h the angles of mirror 1 and PSD, k is constant. Finally, tip-substrate separation can be calculated by Eq. (5):
In summary, the tip-substrate separation is adjusted as follows: First the tip is moved to touch the substrate and the deflection of the cantilever is kept zero. Then the piezoelectric ceramics drives the cantilever to move up and the tip will part from the substrate for a small distance. However, the tip-substrate separation is less than the moving distance of the cantilever, due to the capillary attraction of the water bridge pulling the tip down. Next step, the real tip-substrate separation is calculated according to Eq. (5). In experiments, tip-substrate separation H is set to a fixed value. The tip-substrate separation control process in experiments is as follows: (1) Calculate the cantilever movement D according to the wanted H using Eq. (5).
(2) Move the tip to touch the substrate and make sure that the deflection of the cantilever is zero. (3) Move the cantilever up to the calculated distance in step (1).
Experimental results and analysis
The AFM used in this study is Dimension 3100 from Bruker Company. The tip voltage is applied by a source meter, Keithley 2410, which can provide voltage from 5 lV to 1100 V. The source meter combines a precise, low-noise, highly stable DC power supply with a low-noise, highly repeatable, high-impedance multi-meter. It has 0.012 % basic accuracy with 5-digit resolution. What is more, it is friendly and programmable. It is convenient to generate single pulse, and the amplitude of the pulse has a wide range. Therefore, we choose the source meter as the pulse generator. All the depositions are carried out in air. The ambient temperature is 22°C and the ambient humidity is set to 47 %. The substrate includes Si (110) and gold. The Si is washed in hydrofluoric acid solution (HF:H 2 O = 1:50) for 1 min to get rid of the oxide on Si surface. The probe is coated with 20 nm Cr first and then 20 nm Au. The tip is coated with an ion sputtering device. The tipsubstrate separation is kept at 1 nm. Both positive and negative fields can be used for field evaporation, and negative field is easier to cause evaporation than positive field (Koyanagi et al. 1995; Tsong 1991) . The threshold field for Au negative ions had been studied by some researchers. In summary, the threshold field for an Au substrate with an Au tip in air is 4 V/nm (Mamin et al. 1990 ) and that for an Au substrate in UHV is 6 V/nm (Chang et al. 1994 ). However, negative field may lead to anode oxidation on Si substrate. Consequently we choose positive field in experiments.
Size controlled deposition by voltage According to Fig. 4 , around 6.5 V is needed to induce deposition. Big voltage causes fast consumption of the tip material, so voltage as small as possible is preferred to protect the tip. In experiments, it is found that 5 V is Fig. 7 a When the tip is free above the substrate, the cantilever deformation signal is changed under electrostatic attraction. b When the tip is tied by the water bridge, the cantilever deformation signal has no significant change under the action of voltage the lowest limit for deposition in the experiments. Three deposited dots (D1, D2, and D3) are fabricated by three 5 V voltage pulses with duration of 20 ms, respectively, as shown in Fig. 10a , and the heights of D1, D2, and D3 are shown in Fig. 10b . The mean height of D1, D2 and D3 is 3.4 nm. Usually singlewalled CNTs have diameters from 0.75 to 3 nm. The three dots are high enough to be used for soldering single-walled CNTs on substrate. However, multiwalled CNTs are usually higher than 4 nm, so bigger deposited dots are needed to solder multi-walled CNTs. Another three higher deposited dots (D4, D5, and D6) are fabricated with 6 V voltage with duration of 20 ms as shown in Fig. 10c and the heights of D4, D5, and D6 are shown in Fig. 10d . The mean height of D4, D5 and D6 is 5.8 nm, 2.4 nm higher than that of D1, D2 and D3. Thus, the size of deposited dots can be controlled by changing the applied voltage.
Composition analysis of deposited dot
An extremely big dot is fabricated on Si substrate by depositing 20 times on the same spot for composition analysis. Figure 11a is the AFM picture of the dot. The dot is as high as 400 nm measured by AFM. The width Fig. 8 Cantilever deflection and deflection angle. The length of the cantilever is much bigger than the cantilever deflection, so the deflection angle is small Fig. 9 Optical path of AFM. Optical path varies when cantilever deflects by an angle. PSD output voltage is mainly caused by the deflection of cantilever Consequently the deposited dots become higher as the voltage rises of the dot cannot be accurately measured by AFM due to the broadening effect of AFM. Figure 11b is the SEM picture of the dot and shows that the dot is 2.226 lm wide. This kind of extremely big deposited dot can be used for soldering especially thick nanowires, such as Cu nanowires whose diameters can range from 100 to 400 nm. The composition of the dot is analyzed by a SEM SUPRA 55 (Zeiss company), which is equipped with an energy disperse spectroscopy (EDS) Oxford X-Max 80. Figure 11c shows the analysis result by EDS. From Fig. 11c it can be concluded that the element of the dot is Au, which is deposited from the Au-coated probe tip. Consequently the deposited dots can provide electric connection. Table 1 lists out the weight percentages of all elements detected by EDS.
Repeatability analysis
To testify repeatability of the proposed deposition method in this study, two nanopatterns are deposited as shown in Fig. 12a , c. All dots in Fig. 12a are deposited by 5 V pulses with duration of 20 ms. All dots in Fig. 12c are deposited under the same condition as in Fig. 12a except that the pulse duration is 10 ms. Every dot in both patterns is successfully deposited in just one fabrication. Thus, our method could lead to a good repeatability. The heights of the 17 dots in Fig. 12a are listed out in Fig. 12b . Two dots are especially high and other 15 dots have a mean height of 3.2 nm with a variance of 0.06 nm 2 . Similarly the heights of the 25 dots in Fig. 12c are listed out in Fig. 12d , among which four dots are especially high and other 21 dots have a mean height of 2.2 nm with a variance of 0.08 nm 2 . After every deposition, the tip morphology may change. Sometimes stubble may be formed after deposition. The sharp stubble can cause an overlarge local electric field. That is the reason for outliers. Because the appearance of stubble is random, uncontrollable and infrequent, we judge the reliability and reproducibility of the proposed deposition method without considering the outliers. In this case, the Fig. 12a is 11 .76 % and that in Fig. 12c 16 %.
On average, dots in Fig. 12a are higher than those in Fig. 12c . It can be concluded that bigger pulse duration leads to higher deposited dots. The nanodots come from the metal material on the tip. A tip can fabricate a limited number of nanodots because the quantity of the metal material on the tip is limited. The number of deposited dots is inversely proportional to the size of the dots, which means the smaller the size, the more the dots that can be deposited. We fabricate 36 dots with one tip. According to the experimental results, good repeatability can be obtained if the height of deposited dots is less than 5 nm. Under the same processing parameters, different tips with the same characters can lead to similar repeatability. Figure 12 shows two patterns deposited with two tips. Both the patterns have good repeatability.
CNT soldering
For a nanodevice consisting of carbon nanotube field effect transistor (CNTFET), making a good electrical contact between CNT and electrodes is important for its electrical property. Here, AFM-based deposition is used to solder CNT on electrodes to make a good electrical contact. Multi-walled CNT is used in the experiments and the CNT is provided by Institute of Metal Research, Chinese Academy of Sciences. The diameter of the CNT is about 10-30 nm, and the length is about 5-7 lm. A CNT is placed between a pair of electrodes to construct a CNTFET using dielectrophoresis (DEP) method as shown in Fig. 13a . The I-V curve of the CNT before soldering is measured by applying voltage to the electrodes, shown as curve 1 in Fig. 13d . Then the CNT is soldered using the deposition method to improve electric connection with the electrodes. As shown in Fig. 13b , two dots are deposited on both the ends of the CNT. After soldering, the I-V curve of the CNT is measured again, shown as curve 2 in Fig. 13d . Fig. 12 a Deposited pattern by 5 V voltage pulses with duration of 20 ms; b peak heights of the 17 nanodots in Fig. 12a ; c deposited pattern by 5 V voltage pulses with duration of 10 ms; d peak heights of the 25 nanodots in Fig. 12c . The dots fabricated by pulses of 20 ms duration are higher than the dots fabricated by pulses of 10 ms duration on average. Varying pulse duration is an optional method to control heights of deposited dots
Comparing curve 1 and curve 2 in Fig. 13d , the current become larger under the same voltage, indicating that the contact resistance between the CNT and the electrodes is reduced after soldering. Next the CNT is soldered for the second time. As shown in Fig. 13c , two other dots are deposited on both electrodes, respectively. Thus, there are two dots on the lower electrode. However, the two dots on upper electrode are so close that they look like one dot. After the second soldering the I-V curve is measured again, shown as curve 3 in Fig. 13d . The contact resistance is reduced significantly after the second soldering. Therefore, it is concluded that the nanodot deposition method is effective to improve electrical connection of nanodevices.
Conclusions
Atomic force microscope-based nanodot deposition and its application are investigated in this paper. The mechanism of the deposition is introduced and a tipsubstrate separation control method is designed for precise deposition. The size of deposited dots can be controlled by adjusting the voltage amplitude or pulse duration. Using the method, patterns can be fabricated repeatedly and precisely on substrates. As an application of nanodot deposition, a CNT is soldered to gold electrodes and is proved to have a better electrical connection with electrodes. AFM-based nanodot deposition will be a useful method to fabricate conductive patterns and to solder nanomaterials to substrates, indicating that the nanodot deposition method has a promising future for applications in terms of nanodevice fabrication. Before soldering the max current is 57.6 nA. After the first soldering the max current rises to 173.1 nA. After the second soldering the max current rises to 586.9 nA. Thus, the contact resistance between the CNT and the electrodes is reduced
